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In this work we report on the remarkable voltammetric features of graphite electrodes, which were modified
with mercaptoundecanoic acid derivatized gold nanoparticles (Au-MUA NPs) by simple adsorption from
basic aqueous solution. Atomic force microscopy measurements proved a fairly uniform adsorption of the
nanoparticles in the form of clusters, and consecutive island formation. The electrochemical features of the
modified electrodes were probed by cyclic voltammetry, while using various redox probes in several different
setups. The catalytic effects of the adsorbed clusters on the graphite electrodes proved to be highly reproducible,
time dependent, and of nonselective nature. The main advantages of the proposed methodology are seen by
the simplicity of the modification procedure, the stability of the self-assembled gold nanoparticle film, their
applicability in various voltammetric scenarios, and the potential employment of the Au-MUA NP modified
electrodes as sensors for various systems.
1. Introduction
In the family of solid electrodes, graphite is probably the most
extensively exploited in various electroanalytical studies.1-4
Graphite, in many respects, is a very suitable electrode for
various electrochemical purposes. Its attractive features include
access to wide cathodic and anodic potential ranges, low
electrical resistance and residual currents, and a reproducible
surface structure that can be easily cleaned. It shows wide
thermal stability and morphological diversity, existing in a
variety of forms suitable for diverse electrochemical applica-
tions, such as carbon fibers, glassy carbon, graphite pastes and
composites, and many more.1 It is worth noting that in the past
couple of years, edge plane pyrolytic graphite electrodes have
emerged as a material showing superb features over other types
of graphite electrodes [see ref 5]. The graphite surface is equally
suitable for electrochemical analysis of both lipophilic and
hydrophilic compounds,1,3-6 and these electrodes have been
explored as biological sensors in various studies [see ref 1, for
example]. The surface of graphite electrodes can be modified
in a number of ways in order to improve their performances in
various electrochemical systems. Protein-film voltammetry,7,8
abrasive-stripping voltammetry,3 thin-film and three-phase vol-
tammetry,4,9 and nanoparticle modified graphite surfaces10,11 are
just a few of the recent important applications of modified
graphite electrodes. In the past few years, modification of solid
electrodes with nanoparticles has attracted considerable interest.
The nanoparticle-modified electrodes often display unusual
physical and catalytic properties, finding huge applicability in
the fields of biosensors, medicine, pharmacy, electrocatalysis,
and so on.10,11 From this point of view, the modification of the
graphite electrodes with various nanostructures also represents
an important research field.12-16 In the family of the nanostruc-
tures, gold nanoparticles (Au NPs) are especially attractive due
to their relatively easy synthesis in various shapes and sizes,
their long-term stability, and their unique physicochemical
properties.12-20 Au NPs can be used for modifying various
metallic and nonmetallic surfaces, while showing impressive
catalytic features. In this paper, we present a simple method
for modifying graphite electrodes with gold nanoparticles that
are stabilized with mercaptoundecanoic acid (Au-MUA NPs).
The spontaneous assembly of Au-MUA NPs from basic aqueous
solution onto a bare graphite electrode has generated chemically
and electrochemically stable modified electrodes, which exhibit
interesting catalytic features toward various redox systems
compared with unmodified bare graphite. Several examples of
the electrochemical utility of these Au-MUA NP modified
graphite electrodes are given and discussed in this paper. The
electrochemical behavior of the modified graphite electrodes
confirmed the catalytic effects of the mercaptoundecanoic acid
derivatized gold nanoparticles observed recently.21
2. Experimental Section
2.1. Chemicals. Hydrogen tetrachloroaurate(III) trihydrate
(HAuCl4â3H2O, 99,99%, Sigma Aldrich), sodium borohydride
(96%, Sigma Aldrich), methanol (CH3OH, 99.8%, Sigma),
mercaptoundecanoic acid (HS(CH2)10COOH, 95%, Aldrich),
tetraethylammonium hydroxide (40%, aqueous solution), hy-
drogen peroxide (H2O2 30%, Fluka), KNO3, (99% purity) acetic
acid, sodium acetate, HNO3 (69%, Pronalab), potassium hexacy-
anoferrate(III) (p.a. quality, Merck) ferrocenium tetrafluorobo-
rate, hexaammineruthenium(III) chloride (98%, Aldrich), HCl
(>37%, Fluka), hydroazobenzene (99% Merck), vitamin E
(99.9% Sigma-Aldrich), and DNA from calf thymus (99%,
Sigma-Aldrich) were used as received. The ionic liquid used
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in the experiments with vitamin E was tetraoctylammonium bis-
(2-ethylhexyl)sulfosuccinate (TOABEHSS), and it was synthe-
sized according to the procedure described elsewhere.22 Milli-
pore filtered water (resistivity >18 M¿âcm) was used to prepare
all aqueous solutions and for rinsing. Before use, all the
glassware was cleaned with freshly prepared aqua regia (HNO3:
HCl ) 1:3, % v/v), rinsed abundantly with Millipore water,
and dried.
2.2. Synthesis of Mercaptoundecanoic Acid Stabilized Au
NPs. Gold clusters of 3.0 nm average diameter were synthesized
as described in ref 21. Briefly, 0.5 mmol of HAuCl4 dissolved
as 8% methanolic solution was mixed under vigorous stirring
with 1.0 mmol/L mercaptoundecanoic acid previously dissolved
in 100 mL of methanol, in an 500 mL Erlenmeyer flask.
Successively, 25 mL of freshly prepared NaBH4 (0.2 mol/L)
was added dropwise under strong stirring. The formation of the
gold clusters was confirmed by the progressive appearance of
a brown precipitate during 2 h of reaction. The Au-MUA NPs
obtained were purified by repeated sonication and centrifugation
in pure methanol and successively 50% (v/v) water/methanol
(200 mL). The precipitate obtained was filtered on precut
membranes and dried at room temperature in a desiccator for
about 24 h.
2.3. Transmission Electron Microscopy (TEM). The TEM
images were recorded using a Tecnai G2 microscope operating
at 120 kV with a point resolution of 0.5 nm. A drop of diluted
TEAOH aqueous solution of Au-MUA NPs was deposited on
Formvar copper-carbon grids, allowed to dry at least 24 h, and
imaged. The size distribution of the NPs was estimated using
free software, Image J.
2.4. UV-Vis Spectroscopy. The UV-vis spectra of the
samples were recorded on a Hitachi U-3000 spectrophotometer
in the range 200-800 nm, using quartz cuvettes with 1 cm light
path and Au-MUA NP solution of 0.10 mg/mL in TEAOH
aqueous solution (0.005%, v/v).
2.5. Graphite Electrode Preparation. A graphite rod (“black
graphite”, product of Graf Tech, UCAR SNC, La Lechere,
France) with a diameter of 0.30 cm was used as a working
electrode. Before every new experiment, the graphite was
abraded with SiC paper (600), sonicated for 30-40 s in water,
rinsed with pure water and acetone, and dried in air. The
modification of the surface of the graphite with negatively
charged, long-chain thiol capped Au nanoparticles (Au-MUA
NPs) was performed by simple immersion of the electrode in
the 0.14 mg/mL gold clusters dissolved in diluted tetraethy-
lammonium hydroxide (TEAOH) aqueous solution (0.005%
v/v). Different times of adsorption were tested, as will be
explained further.
2.6. Cyclic Voltammetry. Cyclic voltammograms were
recorded with the EG&G PAR 273 potentiostat, by using a
three-electrode cell with a graphite electrode as a working
electrode, an Ag/AgCl (saturated KCl) electrode as a reference
electrode, and a platinum wire as an auxiliary electrode. In the
thin-film-electrode experiments, with vitamin E dissolved in
ionic liquid, a droplet of that solution (0.5 íL) was deposited
on the bare graphite electrode with the help of a micropipet;
the graphite-modified electrode was thereafter immersed into
aqueous solutions of different pH values. The electrochemical
cell was enclosed in a grounded Faraday cage, and the
measurements were performed at room temperature (25 °C).
2.7. Atomic Force Microscopy. AFM images were recorded
using a Molecular Imaging, PicoLe atomic force microscope.
The surface topography was measured using a silicon cantilever/
tip (Nanosensors) with a resonance frequency between 115 and
450 kHz. A freshly cleaned piece of bare carbon electrode was
fixed on the sample plate of the microscope and imaged;
successively the piece was removed and washed with acetone,
ethanol, and water, dried under a flow of nitrogen, and immersed
for 4 h in diluted tetraethylammonium hydroxide (TEAOH)
aqueous solution of 0.14 mg/mL mercaptoundecanoic acid
derivatized gold nanoparticles. Next, the Au-MUA NP modified
piece of graphite was washed with water, dried in a soft flow
of nitrogen, and imaged. The images were scanned in topog-
raphy (Figure 2), amplitude, and phase mode with a resolution
of 512  512 pixels.
3. Results and Discussion
3.1. AFM Characterization of the Bare Graphite Electrode
and Au-MUA Modified Carbon Electrode. The Au-MUA NPs
used for the modification of the carbon graphite surface showed
monodisperse sizes, an average diameter of 3.0 nm, and a
maximum absorbance peak at 525 nm, which is consistent with
previous observations21 (see Figure 1). Figure 2 shows the
topographic tapping mode AFM images recorded for the bare
graphite and Au-MUA NP modified graphite electrode, respec-
tively. The surface of bare graphite electrode proved to be
organized as terraces, as found in the results based on STM
measurements.12 These terraces were more easily observed on
images of small sizes. For a scan size of 1.5  1.5 ím, the
root-mean-square roughness of the bare graphite was 8.5 nm.
The high affinity of the hydrocarbon chain of the MUA ligand
toward the graphite surface allowed the spontaneous self-
assembly of these gold clusters on the graphite electrode. As a
consequence, relatively uniform distribution of the Au-MUA
nanoparticles on the graphite surface in some regions and island
formation in other regions were observed after 4 h adsorption
time (see Figure 2b). The root-mean-square roughness of the
graphite modified with Au-MUA NPs was 21.95 nm for a scan
size of 7  7 ím. The presence of the thiol determines the
formation of the Au-MUA NP film as a network covering the
graphite surface either uniformly or forming bigger agglomera-
tions (metallic islands), which could explain the great improve-
ment of the electrochemical behavior of the graphite electrode.
The roughness of the Au-MUA NP modified graphite could
vary on small scan sizes from 4.5 to 15.8 nm for a scan size of
1.5  1.5 ím (results not shown). Using the Gwyddion software,
the total surface of the carbon electrode covered by the Au-
MUA NPs was estimated by the summation of the areas covered
with gold nanoparticles as represented in Figure 2b, based on
the topographic and amplitude (result not shown) images. The
amplitude image allows distinguishing the difference between
different textures of the surface. In our case, grainy features
can be observed in the brightest regions in Figure 2b.
The total area covered by the Au-MUA NPs was 16 245 
10-15 m2, which can be used to estimate a 33% area increase
when compared with the bare carbon electrode. This is in very
good agreement with the electrochemical measurements.
3.2. Electrochemical Characterization of the Au-MUA NP
Modified Graphite Electrode. (a) Stability of the Thiol-Capped
Au NP System. In order to test the electrochemical stability of
the Au-MUA NP film, adsorption of Au-MUA NPs on graphite
electrode at several prolonged accumulation times was per-
formed, and successive cyclic voltammetry measurements were
conducted (see Figure 3). The ligand used to stabilize the gold
clusters (11 C atom aliphatic chain) has a strong adsorptive
potential toward the lipophilic surface of the graphite electrode.
After the modification of the graphite surface by the MUA-
stabilized Au NPs, the thiol is not being released when applying
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a potential difference and it keeps binding with the lipophilic
alkyl chain to the graphite surface. This is proved by the features
of the voltammetric measurements: no release of the dissolved
Au has been observed during the consecutive application of the
bias and cycling of the potential in wide range (see Figure 3).
Moreover, it is well-known that the long-chain alkanes and
alkylated moieties self-assemble very strongly in lamellar
monolayers on a crystalline substrate like the basal plane of
graphite.23-26 Rows of head groups, which may be positively
or negatively charged, are separated by rows of hydrophobic
alkyl chains. The chemical nature of the head groups and the
length of alkyl chains define a surface potential ripple.23,24
Therefore, our finding about the stability of the long chain MUA
capped Au NPs on the graphite electrode is in agreement with
the literature reports.23-26 Very recently, work published by
Salvarezza et al.12 has appeared, where the authors used gold
nanoparticles stabilized by short and moderate alkyl chain thiols.
After the spontaneous adsorption of thiol-capped Au nanopar-
ticles on bare graphite, the authors of ref 12 observed that the
thiol was released into the solution, once a potential difference
was applied. Thereafter, the remaining thiol-free Au nanopar-
ticles segregated in the nanometer-size islands on the graphite.
Under anodic polarization, there were observed voltammetric
peaks from the Au dissolution, as is typical for gold electrodes.12
In our case, however, the capping thiol seems to be electro-
chemically very stable, since no peaks of Au dissolution have
been observed after applying a potential bias (see Figure 3).
(b) Voltammetric Features of SeVeral Standard Redox
Couples at the Au-MUA NP Modified Graphite Electrode. We
tested the properties of the Au-MUA NP modified graphite
electrode with several standard redox systems, and we compared
the voltammetric features of the tested redox probes with those
obtained at the unmodified bare graphite electrode. Shown in
Figure 4 are several cyclic voltammograms of ferrocenium
tetrafluoroborate, recorded by using the Au-MUA NP graphite
modified electrode. In these cases, the graphite electrode was
immersed in TEAOH aqueous solution (0.005% v/v) of 0.14
mg/mL Au-MUA NPs for different accumulation times. In
comparison with the response of ferrocenium at the bare graphite
electrode (curve 1 in Figure 4a), the voltammograms recorded
at Au-MUA NP graphite modified electrode exhibit higher
electrochemical reversibility (see curves 2-5 in Figure 4a). This
conclusion comes from the increase of the both cathodic and
anodic peak currents, but also by the decreased peak-to-peak
separation from 150 mV (curve 1 in Figure 4a) to 115 mV
(curve 5 in Figure 4a). Evidently, the current at the thiol-capped
AuNP modified graphite electrodes significantly increases up
to 4 h of modification. For instance, after 4 h of immersion in
Au-MUA NP aqueous solution of the graphite electrode (curve
5 in Figure 4a), the voltammetric peak current has increased
by almost an 1 order of magnitude vs the current observed at
bare graphite. After prolonged immersion of the graphite
electrode (more than 5 h), the peak currents start to decrease
dramatically (see Figure 4b). The explanation for this behavior
is the occurrence of aggregation of the long-chain Au NPs,
which leads to a decreasing of the active electrode surface area
and blocking of the electrode surface as observed previously.18,21
Very similar effects concerning the Au-MUA NP adsorption
time to the intensity of the voltammetric peaks has been
observed when K3[Fe(CN)6] was used as a redox probe (see
Figure 5). In this case, it is worth mentioning that the catalytic
effect of the negatively charged Au-MUA NPs toward the redox
reaction of negative [Fe(CN)6]3- redox probe is smaller to the
one observed at the positively charged ferrocenium redox probe.
The peak-to-peak separation at the Au-MUA NP graphite
modified electrode (curve 4 in Figure 5) decreased only for 8
Figure 1. TEM image (a), size distribution histogram (b), and optical spectra of mercaptoundecanoic acid stabilized gold nanoparticles of 3.0 nm
average diameter (c) used for the bare graphite modification represented in Figure 2b.
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mV vs that recorded at the bare graphite electrode (curve 1 in
Figure 5), while the maximal current increase in the case of
K3[Fe(CN)6] redox probe was about 40% compared to the
current observed at bare graphite. It is worth mentioning that
we also tested the catalytic features of Au-MUA NP modified
graphite to the electron transfers of hydroazobenzene in acidic
media (pH 3.0) and [Ru(NH2)6]Cl3 in neutral media. In both
cases, an increase of the voltammetric responses of about 30%
has been observed (after 4 h adsorption time) compared to their
responses at bare graphite electrodes (figures not shown). These
results confirmed the optimum time for the Au-MUA NP
adsorption on the electrode surface, which was 4 h as previously
observed,21 although the self-assembly of the same gold clusters
in ref 21 was based on electrostatic interaction and at a different
electrode surface (gold).
(c) Effect of Au-MUA NP Self-Assembly on the Electron
Transfer of Vitamin E DissolVed in Lipophilic Ionic Liquid.
Thin-film voltammetry is a recent electrochemical technique,
developed for studying the processes of electron and ion transfer
across the interface of two immiscible solvents [see refs 27-
31, for example]. We have studied the thin-film system using
vitamin E (lipophilic quinone-like compound) dissolved in
lipophilic ionic liquid (TOABEHSS), in order to test the catalytic
features of the investigated Au-MUA NPs assembled on a
graphite electrode. An extensive study of the redox features of
pure vitamin E in a droplet-modified electrode setup can be
found elsewhere.32 Figure 6a shows the voltammetric behavior
of the thin-film graphite electrode, modified with an ionic liquid
containing vitamin E. The modification of the graphite electrode
was performed by spreading a drop of TOABEHSS ionic liquid
solution, containing dissolved vitamin E, onto the surface of
bare graphite electrode, which was subsequently immersed in
aqueous solutions having various pH values. Like most of the
quinones, vitamin E undergoes two-electron redox transforma-
tion, which is coupled by exchange of two H+ across the water-
ionic liquid interface. The huge irreversibility of the voltam-
metric responses of vitamin E, depicted in peak-to-peak
separations higher than 500 mV, is the main feature of the
voltammograms represented in Figure 6a. This irreversibility
is due to the slow electron transfer between the graphite
electrode and vitamin E redox probe,32 but is also due to the
hindered H+ transfer across the water-lipophilic ionic liquid
interface.33 The ionic liquid used in these experiments is highly
lipophilic, and its hydrophobicity is a main cause for the
slowness in establishing equilibrium by the protonation process,
after the redox transformation of vitamin E. The support for
the last statement can be also found in the conditional existence
of voltammetric response of vitamin E in this setup; there are
adequately defined voltammograms only when thin-film elec-
trode is immersed in highly proton-concentrated media (see
Figure 6a). However, the features of the voltammetric response
of vitamin E change dramatically, when the thin film of ionic
liquid solution containing vitamin E is spread over the thiol-
capped Au NP modified graphite electrode (see Figure 6b). In
this case, besides the increase of the voltammetric current by
over 1.5 orders of magnitude, the potential separation between
the cathodic and anodic peaks decreases from 600 mV to about
250 mV (curve 5 in Figure 6b), while the system exhibits
quasireversible features. It is worth stressing that the peak
observed under cathodic polarization at potentials about +0.25
V at curve 5 in Figure 6b is somewhat atypical for this system,
and can be easily misinterpreted and considered as a part of
the background current. However, from the blank cyclic
voltammogram of the ionic liquid presented in Figure 6b, we
can see that there is no such feature in that potential region.
Moreover, we also performed experiments while running the
potential up to -1.00 V, and we could not see other obvious
Figure 2. Topographic tapping mode AFM image of bare carbon
electrode (a) and carbon electrode modified with Au-MUA NPs of 3.0
nm average diameter (b). Image sizes were 1.5  1.5 ím (a) and 7 
7 ím (b), respectively.
Figure 3. Cyclic voltammograms representing the stability of the Au-
MUA NP film assembled on graphite electrode. (1) Represents the bare
graphite, (2) represents the Au-MUA NP modified graphite after 2 h
of immersion in Au-MUA NP solution, and (3) represents the
consecutive cycling after 4 h of immersion. The supporting electrolyte
used was 0.1 mol/L KNO3. Scan rate was 50 mV/s.
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electrochemical activity in that region (not shown). These facts
enable us to believe that the feature of the cyclic voltammogram
observed at +0.25 V under cathodic polarization (curve 5,
Figure 6b) is due to the electrochemical activity of vitamin E.
Obviously, the Au-MUA NPs are significantly lowering the
barrier for electron transfer between the electrode and vitamin
E, which results in an increase of the reversibility of the entire
coupled electron/ion transfer process.
(d) Effect of the Au-MUA NPs on the Redox Systems Coupled
by Regeneration Reaction (ECat Reactions). The redox reactions
coupled by consecutive regeneration reactions (known also as
ECat or EC′ reactions) are of great importance for designing
sensors for various biological systems.34-36 Usually, these
systems are described by the following reaction schemes:
In this scheme, “Ox” is the symbol for the oxidized form of
the redox probe, initially present in the system, and “Red” is
its reduced form. After Ox is reduced to Red, this reduced form
can be reoxidized to the initial form, Ox, in the presence of an
appropriate oxidizing agent (catalyst), Cat. The voltammetric
features of such systems are well-known in the literature,34-37
and have been widely explored. In our case, we used K3[Fe-
(CN)6] as a redox probe, and we studied the features of its
regenerative reaction by hydrogen peroxide at bare and Au-
MUA NP modified graphite electrodes. Shown in Figure 7a are
several cyclic voltammograms of K3[Fe(CN)6] in the presence
of various concentrations of hydrogen peroxide, recorded by
using an unmodified bare graphite electrode. From the cyclic
voltammograms in Figure 7a, one can see that the regenerative
effect in this case is very small. By contrast, at the modified
Au-MUA NP graphite electrode (Figure 7b), the regenerative
Figure 4. Cyclic voltammograms showing the effects of the modification time of the graphite electrode with negatively charged Au-MUA NPs.
(a) Curve 1, bare graphite electrode; curve 2, 45 min; curve 3, 2 h; curve 4, 3 h; and curve 5, 4 h of immersion, respectively. (b) Curve 6, 5.5 h,
and curve 7, 15 h of immersion. Redox probe used was ferrocenium tetrafluoroborate. c(ferrocenium+) ) 0.1 mmol/L; Supporting electrolyte was
0.1 mol/L KNO3. Scan rate was 50 mV/s.
Figure 5. Cyclic voltammograms showing the effects of the modifica-
tion time of the graphite electrode with negatively charged Au-MUA
NPs. Redox probe used was K3[Fe(CN)6], with c([Fe(CN)6]3-) ) 0.1
mmol/L. Modification time: curve 1, bare graphite electrode; curve 2,
30 min; curve 3, 75 min; curve 4, 4 h; curve 5, 12 h. Supporting
electrolyte was 0.1 mol/L KNO3. Scan rate was 50 mV/s.
Ox + ne- T Red (1)
Red + Cat f Ox (2)
Figure 6. (a) Thin-film-electrode experiments of graphite electrode
modified with vitamin E dissolved in TOABEHSS ionic liquid, and
spread on its surface. The modified electrode was immersed in aqueous
solutions having pH 3 (curve 1), pH 1 (curve 2), 2 mol/L nitric acid
(curve 3), and 5 mol/L nitric acid (curve 4). (b) Curve 5 was recorded
when ionic liquid film of vitamin E solution was spread on Au-MUA
NP modified graphite electrode (adsorption time of 4 h), and immersed
in pH 1.0 aqueous solution. Curve 0 represents the blank of the thin
film of the ionic liquid at the graphite electrode (without vitamin E)
immersed in pH 1.0 aqueous solution. Scan rate was 50 mV/s.
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reaction of the reduced form of K3[Fe(CN)6] by hydrogen
peroxide is easily feasible, giving rise to the development of
cyclic voltammograms that are common for this kind of
reaction.34-37 An increase of the hydrogen peroxide concentra-
tion in the electrochemical cell is followed by the decrease of
the anodic peak and the increase of the cathodic peak of the
studied redox probe (see Figure 7b). Moreover, the upraised
currents at the end of the cathodic potential limit are additional
typical features for this particular mechanism.35-37 Linear
dependence between the cathodic peak currents and the peroxide
concentration exists in a wide micromolar region. These simple
experiments show that the surface of a thiol-capped Au NP
graphite electrode is (i) a superior tool for monitoring the
hydrogen peroxide concentration, and (ii) it is a more adequate
environment for studying the regenerative redox reactions, in
general, when compared with the bare graphite.
(e) Exploring the Au-MUA NP Modified Graphite Electrode
for Direct Detection of DNA. The majority of the electrochemi-
cal sensors for DNA determination are based on indirect
measurement of the DNA activity to the electron-transfer
reactions of some standard redox mediators such as methylene
blue,38 phenanthroline,39,40 or bipyridine metal complexes.41
Although several electrochemical methods for direct determina-
tions of DNA at graphite electrodes are also reported,42 all these
involve some kind of pretreatment of DNA (i.e., chemical
denaturation or thermal decomposition). Very often, irrepro-
ducible results are obtained, which are mainly caused by the
complex chemical and physical features of DNA.43 Several
excellent reviews of electrochemical DNA sensors can be found
elsewhere.44-46 Our attempts to observe faradaic electrochemical
activity of DNA at our bare graphite electrode (in buffers with
pH 1.00-7.00) have failed in all cases, even after chemical and
thermal decomposition of DNA. However, by using the Au-
MUA NP modified graphite electrode, we succeed in observing
a voltammetric signal of DNA. For this purpose, the modified
Au-MUA NP graphite electrode was immersed in DNA solu-
tions (pH 4.70) for certain times under a closed circuit
(accumulation potential of 0.70 V). Subsequently, the electrode
was removed from the DNA solutions, and used for voltam-
metric measurements, immersed in DNA-free buffer of pH 1.00.
An electrochemical activity of DNA was observed starting at
+0.52 V (see Figure 8, curve 3), progressively shifted toward
Figure 7. (a) Cyclic voltammograms showing the effect of hydrogen peroxide by the regeneration reaction of K3[Fe(CN)6] at the bare graphite
electrode. c([Fe(CN)6]3-) ) 0.25 mmol/L; c(H2O2)/mmol L-1 ) 0 (1), 0.1 (2), 0.2 (3), 0.3 (4), 0.4 (5), and 0.5 (6). (b) Cyclic voltammograms
recorded at Au-MUA NP modified graphite electrode (adsorption time of 4 h): c(H2O2)/mmol L-1 ) 0 (1), 0.1 (2), 0.2 (3), 0.3 (4), and 0.4 (5).
The scan rate was 50 mV/s, while the supporting electrolyte was 0.1 mol/L acetate buffer (pH 4.70).
Figure 8. (a) Cyclic voltammogram recorded at bare graphite electrode immersed in 0.1 mg/mL DNA solution (pH 1.0, accumulation time of 30
min) (curve 1). Curve 2 is a cyclic voltammogram of Au-MUA NP modified graphite electrode (4 h of modification) immersed in DNA-free
solution (pH 1.0). Curves 3, 4, and 5 are cyclic voltammograms obtained at Au-MUA NP modified graphite electrode in pH 1.00, recorded after
the modified electrode was previously immersed for 1, 2, and 5 h in DNA solution under closed circuit, respectively. (b) Curve 0 represents the
cyclic voltammogram recorded at bare graphite electrode immersed in supporting electrolyte (HNO3) after 1 h of accumulation; curve 1 is the same
as in (a). Scan rate was 30 mV/s. Accumulation potential was 0.7 V.
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more positive potentials (+0.55 V, curve 4, and +0.60 V, curve
5, in Figure 8). The voltammetric peak increased proportionally
to the accumulation time and DNA concentration. It is worth
mentioning that the electrochemical activity of DNA in this setup
has been observed only in highly acidic media. All other
attempts to find electrochemical activity of DNA in other media
failed.
4. Conclusions
In this work, graphite electrodes have been modified with
mercaptoundecanoic acid stabilized gold nanoparticles (Au-
MUA NPs) of 3.0 nm average diameter by simple adsorption
of the clusters from basic aqueous solution. The electrochemical
features of the Au-MUA NP modified graphite electrodes were
probed with several redox systems. It has been observed that
the Au-MUA NPs significantly improve the electrochemical
properties of the bare graphite electrode, which is portrayed in
the enhanced feasibility of electron transfers by all studied redox
systems. Contrary to the electrostatic anchoring of similar
nanoparticles at the charged sites of the protein-modified
surfaces of gold electrodes,21 the mechanism of self-assembling
of the Au-MUA NPs at bare graphite electrodes should be quite
different. In principle, the adsorption of the Au-MUA NPs at
the lipophilic surface of the graphite will take place via the
lipophilic alkyl chain of the ligand (mercaptoundecanoic
acid).23-26 In this way, the hydrophilic gold sites of the Au-
MUA NPs will be oriented toward the water solution. Very
likely, this specific orientation of the Au-MUA NPs contributes
to better electron conductivity with respect to the bare graphite.
Moreover, this type of self-assembling will be portrayed by a
high-effective surface area of the gold clusters, which will result
in significantly enhanced mass-transfer properties of the studied
redox systems. At this stage, it is worth stressing that both these
effects of the Au-MUA NPs, i.e., increased effective surface
area and increased conductivity of the modified graphite
electrodes, will contribute to getting higher voltammetric
currents by the studied redox systems. However, the effect of
an increased conductivity will be additionally portrayed in the
decrease of the peak-to-peak separations of the cyclic voltam-
mograms of the studied redox probes. Consequently, knowing
this fact, and knowing the percentage of increase of the surface
area from the AFM experiments, we could estimate the relative
increase of the values of the standard constant of electron
transfer for the studied redox systems obtained at Au-MUA NP
graphite electrodes (modified for 4 h) vs the same values
obtained at bare graphite electrodes. This has been done by
fitting the features of the experimentally obtained cyclic
voltammograms (i.e., the peak-to-peak separations and the
relative increase of the cathodic and anodic peak currents) with
those obtained from the computational simulations by consider-
ing the semi-infinite planar diffusion model.47 In this way, we
calculated that the relative rise of the value of the standard rate
constants (ks) of electron transfers of vitamin E, ferrocenium+,
and [hexacyanoferrate]3-/4- redox probes at Au-MUA NP
modified graphite was 101.12, 100.54, and 100.20 orders of
magnitude higher when compared with the values obtained at
the bare graphite electrode, respectively. Indeed, the differing
increase of the values of ks is mainly due to the different natures
(electronic structures) of the redox couples studied, and their
changed affinities toward the modified electrode material. By
exploring the value of the increased effective surface electrode
area estimated from the AFM experiments (33.2%, if we assume
homogeneous adsorption at the graphite electrode), we can say
that the enhanced mass transfer at the Au-MUA NP modified
graphite electrode would roughly give about 33% contribution
to the rise of the peak currents. This would mean that in the
case of the [hexacyanoferrate]3-/4- redox couple the majority
of the peak current increase is due to the effect of the increased
surface area. Quite opposite, for ferrocenium+ and vitamin E
redox couples the dominating effect in the increase of the peak
currents is seen by an increased value of the standard rate
constant of electron transfer (ks) at the Au-MUA NP modified
graphite electrode. With the estimated parameters of the surface
electrode coverage from the AFM experiments, and with the
voltammetrically calculated values of the increased standard rate
constant of electron transfer at the Au-MUA NP modified
graphite electrode, we got very good fitting between the
simulated voltammograms and the experimental ones. The good
fitting between the experimental and theoretical voltammograms
could serve as an additional supporting indicator for the
discussed phenomena.
In general, the Au-MUA nanoclusters seem to be very suitable
for modifying both metallic and nonmetallic electrodes. The
main advantages of the reported methodology are portrayed in
(i) the simplicity in the preparation of the Au-MUA NPs, (ii)
the simplicity of modification of the graphite electrode with
these particular gold clusters, (iii) the very fast and easy cleaning
of the modified graphite electrode, (iv) the possibility for
catalyzing the electron transfers by different redox systems, and
(v) the possibility for using the Au-MUA NP modified graphite
electrode as a sensor for various important biomolecules. These
nanostructures could have a wide range of applications in
sensing and electronic device construction. The further inves-
tigation of this methodology will be focused on analyzing the
electrochemical features of various systems as functions of the
size and structure of these nanoparticles. Also, a challenging
task will be to study the effect of the thiol-capped Au NPs not
only on the electron-transfer barriers, but also on the ion-transfer
kinetics. For this, experiments performed with thin-film and
three-phase electrodes, along with the classical four-electrode
voltammetry, will be considered in our lab in the near future.
Indeed, in further studies on this topic, there will be space not
only for AFM and voltammetric techniques, but also for
extensive use of electrochemical impedance studies.
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